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1966. -These experiments were designed to quantitate the lactate production by in situ skeletal muscle at various steady work rates. The gastrocnemius-plantaris muscle group and the lower leg (foot excluded) of the dog were used. Venous outflow and arterial and venous concentrations of lactate and oxygen were measured. The muscle contractions were maximal single twitches in response to supramaximal stimuli applied to the distal stump of the cut sciatic nerve. Work rate was varied by changing the twitch rate over a range of 0.5-10 twitches/set. Oxygen uptake increased with increasing twitch rate reaching 30 times resting at 3/set. Increasing the twitch rate beyond 3/set did not further increase oxygen uptake. Resting muscle usually produced a small amount of lactate. After the contractions began, lactate production increased transiently and then decreased as the contractions continued. About half the muscle preparations studied showed lactate uptake, which occurred at all twitch rates studied after 10-60 min of contractions. lactate uptake; skeletal muscle metabolism; muscle lactate P ART OF THE ENERGY SUPPLY for the performance of work by skeletal muscle, particularly at higher work rates, is generally considered to be derived from the breakdown of glucose or glycogen to lactate (I, 8-1 I, 15) . This study was initiated to quantitate lactate production during twitch contractions by in situ mammalian skeletal muscle with intact circulation.
METHODS
Forty-eight mongrel dogs of 8-22 kg body wt were used in these experiments.
They were anesthetized with either Dial and urethan (Ciba, Summit, N. J.), 0.6 ml/ kg (allobarbital, IOO mg/ml; urethan, 400 mg/m.l; and monoethylurea, 400 mg/ml), oi-pentobarbital, 30 mg/kg.
A tracheotomy tube was inserted and the right femoral artery was cannulated for sampling arterial blood and monitoring arterial blood pressure. A thermoregulated heating pad was put over the thorax, and an incandescent lamp was directed at the legs and lower abdomen to maintain both rectal and muscle surface temperature at or near 37 C.
Two muscle preparations were used. In half the experiments the left gastrocnemius-plantaris muscle group was used. The venous outflow from this muscle group was isolated as described previously (18) by tying all vascular connections to the left popliteal vein that did not come directly from the muscle group and all venous connections to the muscle group that did not connect directly to the popliteal vein. In about half the experiments on this muscle group preparation the Achilles tendon was cut close to the calcaneus. A clamp connected to the end of the tendon was in turn hooked to an isometric myograph for monitoring tension developed during each twitch while the muscle was contracting. A ~-inch length of the sciatic nerve was isolated near the muscle. The central end was doubly ligated and cut between the ties. The distal stump was stimulated to produce the muscle contractions.
In the other experiments the left lower leg was used. A s-inch longitudinal incision was made through the skin of the medial aspect of the midthigh directly over the femoral artery and vein. A length of the sartorious muscle was isolated, ligated at each end, and the center 1% inch removed, thereby exposing the femoral artery and vein. The artery was not disturbed.
The vein was cleared for cannulation and the femoral nerve was divided. The sciatic nerve was isolated through an incision over the sciatic notch about halfway between the base of the tail and popliteal fossa. The central end of the exposed length was doubly ligated and cut between ties. The muscles of the lower leg were made to contract by stimulating the distal stump of this nerve. For oxygen analysis 0.6 ml arterial and venous blood samples were drawn into ~-ml tuberculin syringes. These samples were analyzed for oxygen content spectrophotometrically (I 7). In each experiment at least two 8-ml blood samples were drawn into IO-ml syringes and analyzed for oxygen content both manometrically (20) and spectrophotometrically as a check on the spectrophotometric method. Arterial and venous blood lactate concentrations were measured in ~-ml samples in the first I 2 experiments by the method of Barker and Summerson (2) with the analyses being done in duplicate.
In the remainder of the experiments single analysis of each sample was done by the enzymatic method of Horn and Bruns (7). The latter method was modified slightly after it was discovered that the optical density plateau was reached in less than the prescribed hour and was stable for only 30-40 min. In order to ensure that the optical density readings for the samples were made during the stable portion of the plateau the standards and samples were prepared in the same order as they were to be analyzed in the spectrophotometer.
Then the blank and the 50 mg/~ oo ml lactate standard were placed in the cuvette holder of a Beckman DU spectrophotometer. This standard was read against the blank at 5-min intervals until constant optical density readings were observed. Then all optical densities of the samples and other standards were read and recorded. Finally the 50 mg/roo ml standard was read again to ensure that the plateau had persisted until all the samples were read. Repeated analyses of one blood sample gave a mean lactate concentration of 75. I mg/r oo ml and a standard deviation of I .6 mg/r oo ml, whereas repeated analyses of another sample gave a mean of 20.0 mg/roo ml and a standard deviation of 0.4 mg/r oo ml. Since the variability of the analyses was related to the concentration of lactate in the sample, the precision of the method is best described by a coefficient of variation, S/X. IOO, in this case giving a value of 2 for both of the above tests. Such data indicate that the precision of the method is good. Because of the good precision only a single analysis of each sample was done to allow more samples in each experiment.
One or two of about 40 lactate values were 10-20 % higher or lower than the preceding and succeeding samples. These samples were reanalyzed and a few were shown to have been the result of analytical errors. We were unable to determine the cause of the remaining odd data, which may have been the result of some mistake in sampling or may have been correct values. They were accepted as correct and were included in the data. and venous blood, respectively; Q = blood flow rate (ml/min); W = wet weight of the muscle (g) (measurable for the single-muscle group only). The basic protocol was essentially the same in all experiments.
After the electrodes had been tested, blood samples were drawn at intervals for measurement of lactate and oxygen for IO min while the muscle preparation was at rest. Then the contractions were started at the desired twitch rate and continued until the end of the experiment, 40-60 min. In 14 of the experiments the twitch rate was changed once or twice during the contraction period to permit examination of two or three twitch rates in a single-muscle preparation.
RESULTS
The results obtained in the six experiments using Dial anesthesia on the single-muscle group preparations while they were contracting at I twitch/set are shown in Fig. I . Five of the six muscle groups showed lactate production while resting. When the contractions began these five preparations showed an increase in lactate production followed by a decrease. In two of these five experiments lactate production continued until the end of the experiment, whereas in the other three the lactate production decreased to zero and lactate uptake began. In the one odd experiment lactate appeared to be taken up at rest and there was an increase in lactate uptake during the contractions.
The quantitative differences among the individual experiments were fairly large. One of the experiments that showed lactate uptake is presented in more detail in Fig. 2 . Although the pattern of lactate uptake is not necessarily typical of the mean of all experiments presented in this report, the magnitude of the blood flows at rest and during contraction and the blood lactate concentrations are close to the average values of all the experiments. Accordingly, the data are presented in detail in Table I at I twitch/set. Vol % = ml/r00 ml blood; mg yO = mg/Ioo ml blood.
analysis described earlier, at lactate concentrations of 30 mg/Ioo ml, the average of all arterial and venous analyses in the experiments, the arteriovenous difference becomes significant when it is greater than I .6 mg/I oo ml. Using the average blood flow of the experiments in Fig. I as a multiplier, 15 ml/min at rest and 35 ml/min during contractions, and the average muscle weight, 60 g, then the lactate uptake or production is significant when it is greater than 4.0 pg/g per min at rest and 9.3 pg/g per min during contractions.
In the experiments presented below on the lower leg Fig. 3A and the first 30 min of the five experiments in Fig. 3C are comparable to Fig. I . The patterns of lactate production and uptake during contractions at I twitch/set are like those of the single-muscle group preparation.
There was usually lactate production at rest, and when the contractions began, lactate production tended to increase and then decrease. Half the experiments reached zero lactate production or lactate uptake by 30 min, when the experimental procedure was altered. Differences between individual experiments are also evident in the lower leg preparation. Since the muscle of the lower leg preparation weighed about IOO g, the lactate production and uptake rates are similar to those of the isolated muscle preparation. -VVith pentobarbital anesthesia, Fig. 3B , the four lower leg preparations studied tended to take up lactate when resting. The transient increase in lactate production did not appear when samples were taken at IO-min intervals. However, in six of seven experiments on the single-muscle group during pentobarbital anesthesia, which are not shown, and in which lactate samples were drawn at 3o-set intervals for 20 min after the start of contractions, it was observed that lactate production increased immediately but by IO min it had reached approximately zero. The seventh experiment showed lactate uptake at rest and throughout the contraction period. Apparently the transient period of lactate production at the beginning of contractions' at I twitch/set was of shorter duration when pentobarbital anesthesia was used than when Dial was used. After the muscles had been contracting for 20-30 min, the behavior of lactate seemed to be about the same regardless of the anesthetic used.
Increasing the twitch rate above I/set did not alter the basic pattern of lactate production. Figure 4 shows the basic pattern of lactate production. Figure 4 shows the five experiments done at a single-twitch rate during the five experiments done at a single-twitch rate during pentobarbital anesthesia. The main differences between pentobarbital anesthesia. The main differences between the lactate production patterns of the lower twitch rates the lactate production patterns of the lower twitch rates (0.5, I, 2 twitches/set) and the higher twitch rates (3-10 (0.5, I, 2 twitches/set) and the higher twitch rates (3-10 twitches/set) were a) the maximum rate of lactate protwitches/set) were a) the maximum rate of lactate production was higher at the higher twitch rates, and b) the duction was higher at the higher twitch rates, and b) the duration of the transient lactate production was longer. duration of the transient lactate production was longer. Surprisingly, all five preparations were taking up lactate Surprisingly, all five preparations were taking up lactate by the end of each experiment. by the end of each experiment.
In I 4 experiments (7 on the lower leg and 7 on the In I 4 experiments (7 on the lower leg and 7 on the single-muscle group) two or three twitch rates were exsingle-muscle group) two or three twitch rates were examined during the contraction period. In six of these amined during the contraction period. In six of these experiments, experiments, shown in Fig. 3A , the twitch rate was shown in Fig. 3A , the twitch rate was changed suddenly from I twitch/set to 2 twitches/set. changed suddenly from I twitch/set to 2 twitches/set. The lactate production tended to increase transiently The lactate production tended to increase transiently after the onset of the z-twitch/set contractions. When after the onset of the z-twitch/set contractions. When one of the lower twitch rates was succeeded by one of one of the lower twitch rates was succeeded by one of the higher twitch rates the second transient production the higher twitch rates the second transient production of lactate was larger, being similar to those in Fig. 4 . of lactate was larger, being similar to those in Fig. 4 . When a higher twitch rate was followed by a lower When a higher twitch rate was followed by a lower twitch rate there was no apparent effect on lactate twitch rate there was no apparent effect on lactate production. production.
The experiments in Fig. 3B and Fig. 4 , which were The experiments in Fig. 3B and Fig. 4 , which were done with pentobarbital anesthesia, usually showed lacdone with pentobarbital anesthesia, usually showed lactate uptake while the muscles were resting. In view of tate uptake while the muscles were resting. In view of the frequent observation of lactate uptake during muscle the frequent observation of lactate uptake during muscle contractions, the possibility came to mind that the laccontractions, the possibility came to mind that the lactate uptake observed during the control period may have tate uptake observed during the control period may have been an aftereffect of testing the electrodes and the been an aftereffect of testing the electrodes and the concomitant muscle contractions just prior to the start of concomitant muscle contractions just prior to the start of the experimental period. Three test experiments using the experimental period. Three test experiments using pentobarbital anesthesia were done in which muscle pentobarbital anesthesia were done in which muscle lactate production was measured before and after testing lactate production was measured before and after testing the electrodes. All three experiments showed lactate prothe electrodes. All three experiments showed lactate production prior to electrode testing (seven or eight twitch duction prior to electrode testing (seven or eight twitch contractions) and lactate uptake after electrode testing, contractions) and lactate uptake after electrode testing, which continued until the end of the experiment 20 min which continued until the end of the experiment 20 min later, even though there was no further stimulation of later, even though there was no further stimulation of the muscle. Apparently the observed lactate uptake the muscle. Apparently the observed lactate uptake during the resting period was an artifact related to during the resting period was an artifact related to testing the electrodes.
No attempt was made to study testing the electrodes.
No attempt was made to study this response during Dial anesthesia. this response during Dial anesthesia.
One of the possibilities that could account for the obOne of the possibilities that could account for the observation of little lactate production or lactate uptake by servation of little lactate production or lactate uptake by these muscles is that the metabolism of these muscles is limited by substrate supply rather than by oxygen supply. Since part of the substrate supply of these muscles is from endogenous glycogen, it was thought that infusing epinephrine would, as one of its effects, increase phosphorylase activity in the muscles and thereby increase the availability of glucose to the glycolytic cycle (5, 6, I 9). In five experiments under Dial anesthesia 0.4 pg/kg body wt per min of epinephrine was infused intravenously. The infusions were begun after the muscles had been contracting at I twitch/set for 30 min and continued at a constant infusion rate for an additional 30 min. The contractions were continued without inter-MUSCLE LACTATE METABOLISM ruption until the end of the infusion. The data from these five experiments are presented in Fig. 3C . In one of the five experiments there was no evident response to the epinephrine infusion; lactate uptake began soon after the infusion was started and continued to increase until the end of the experiment.
Four of the experiments showed increased lactate production after the infusion began, which tended to decrease toward the end of the experiment. Apparently the infusion of epinephrine increased the propensity for lactate production. Oxygen uptake was measured in all the experiments on the single-muscle group preparation and was monitored in the lower leg preparation by drawing arterial and venous blood samples during the control period and at IO and 40 min after the contractions began. The pattern of oxygen uptake typical of the single-muscle group contracting once per second is shown in Fig. 2 . In this as in the other experiments at I twitch/set, after the contractions began, oxygen uptake increased to 15 times the average resting rate, then decreased slightly during the last 10 to I 5 min of the experiment.
At 3 twitches/set oxygen uptake reached a maximum of 30-40 times resting by 5-10 min after the contractions began, and then decreased by the end of the experiment to nearly the same level as was observed at I twitch/set.
For frequencies above 3 twitches/set an oxygen uptake pattern similar to 3 twitches/set was observed with the immediate rise to 30-40 times the resting value followed by a decrease to approximately 15 times the resting value. During the studies using the single-muscle group preparation, in which the tendon from the muscle group was connected to an isometric myograph, the tension developed during each contraction was measured. At 0.5 and I twitch/set the tension developed during each twitch reached 6-8 kg (the initial resting tension was about 200 g) and was maintained for the duration of the contractions. Twitch tension was not maintained at the higher twitch rates. These experiments were not intended as a careful study of this relationship, but the data seem to indicate a progressive decrease in twitch tension as the twitch rate increased. The extreme observed was for IO twitches/set where the tension of 6-8 kg, developed at the beginning of the experiment, fell to approximately 4-5 kg after 15 min of contractions, where it remained until the end of the experiment.
DISCUSSION
The observation of lactate uptake by many of the muscle preparations at all twitch rates studied is indeed an interesting observation. However, the amount of lactate taken up was variable and it-was not seen in every experiment.
The Presumably the duration of their contraction periods was too short to permit observation of decreasing lactate production later in the contraction period. Sacks et al. (I 5) also reported an increase in lactate production soon after intermittent tetanic contractions began. When the contractions were continued for 30 min they observed a decrease in lactate production after the initial high rate, but not to the degree to which it occurred during the same time period in the present experiments.
We know of no reports of lactate uptake or very small lactate production during high rates of twitch or intermittent tetanic contractions.
The absence of such observations may well be related to the fact that there are no reports of lactate metabolism for contraction periods longer than 30 min.
One report of studies on exercising humans that seems to be especially pertinent to the present work is that of These authors believed that oxygen uptake could not be elevated further because the blood flow and hence the supply of oxygen had reached a maximum value. In the experiments reported here the highest twitch rate at which oxygen uptake was maintained at least fairly constant was I twitch/set. The maximal oxygen uptake was observed at 3 twitches/set but this level was not maintained.
At twitch rates higher than r/set when the oxygen uptake decreased as the contractions continued, the tension developed during each contraction also decreased. It certainly seems that something was limiting oxygen uptake and muscle performance. If oxygen supply were the limiting factor surely lactate would have been produced in large quantities (8, I 0).
